Abstract-Dissolved Gas Analysis (DGA) method is one of the most effective techniques to monitor the condition of transformers. In this method, free gas leakage condition is required as any leakage of dissolved gases might distort the DGA results and mislead the diagnosis of transformer fault. In this paper, a mass transfer model based on two-film theory is built to simulate the gas leakage process from transformer oil when it is in contact with air. The mass transfer coefficients of dissolved fault gases in mineral oil have been calculated at different temperatures based on an experiment. The mass transfer coefficient at certain temperature can be predicted by the Arrhenius equation. According to the ascertained mass transfer coefficient, oil surface and volume, gas leakage from a sampling rate can be estimated. For practical application, the gas leakage from oil sampled by bottle is quantified.
I. INTRODUCTION
Dissolved Gas Analysis (DGA) is widely accepted as a transformer condition monitoring technique. It is regarded as one of the most effective method to diagnose oil-immersed transformer faults [1] [2] [3] .
Insulating liquids in oil-filled equipment can be sampled for various types of oil tests. For DGA test, oil can be sampled with syringes, ampoules or bottles. The oil sample volume ranges from 25 mL to 100 mL [4] .
In general, there are three major steps in sampling the oil. Firstly, the sampling vessel should be correctly connected to the proper sampling point. The sample should be taken from a point where the representative of the bulk oil in the equipment. Subsequently, the sampling vessel will be flushed by some oil in order to eliminate contaminations. The flushed oil will be disposed to a waste oil container. Finally, the oil sample will be taken and sealed by the sampling vessel.
Oil sampled with syringe is properly sealed during the whole sampling process. However, the oil will inevitably get in contact with air when sampling by bottles. Due to the volatility of dissolved gases, it is suggested that a new sample should be taken if the time to fi II the bottle exceeds a few minutes [4] . In the other words, the oil sample for DGA is ineffective if the oil sampled by bottle is left open in air for a few minutes. Nevertheless, the gas leakage amount has not been identified in this process. Hence, it is essential to quantity the gas leakage 978-1-5090-3396-6/\6/$3\.00 ©20 16 IEEE 477 amount in bottle sampling process during this time period.
In this paper, the dissolved gas leakage amount from oil to air was estimated. Firstly, the dissolved gas leakage process was simulated by a mass transfer model. Then, an experiment was performed to derive the necessary coefficients in the model. Based on this model, the dissolved gas leakage rate under known oil, vessel and temperature condition could be calculated.
II. THEORETICAL MODEL

A. Mass Transfer Model
The mass transfer model based on two-film theory [5] is accepted to simulate mass transfer between liquid and gas phase [6] . Under the circumstances where the dissolved gases transfer between limited volume of liquid and atmosphere, the concentrations of the gases in bulk gas phase can be regarded as constant, i.e. the initial bulk gas concentration is same as the final gas concentration. The mass transfer model for dissolved gas leakage process is demonstrated in Fig.l . The initial state and fmal state are shown as red and blue colours, respectively. Assuming initially the transferred substances such as dissolved gas molecules in liquid phase are denser than in gas phase, the substances will flow from bulk liquid into bulk gas. The two-film theory suggests two thin films very close to the interface. In these two films the concentrations of the substances are linearly changing. According to the Fick's law of diffusion, the mass fluxes in these two films are constant. They should be equal to each other, since there are no molecules accumulated on the interface. In the bulk liquid and gas volume, the substances are homogeneously distributed and the concentrations are constant.
Considering the whole process of mass transfer, the profile of the substances concentration in liquid can be described as shown in (1), (1) where, c and c, are the instantaneous and final dissolved gas concentration in oil, in ppm, respectively; K is the mass transfer coefficient, in mlh; A is the liquid interface area, in m 2 ; V is the liquid volume, in m 3 . The final concentration Cz can be derived based on the mass transfer condition. For example, a common situation is dissolved gas leaks into atmosphere. [n this case, the final concentration of atmospheric gases such oxygen, nitrogen or carbon oxides will be in equilibrium with their concentration in air. The final concentration of other gases which are not main components of air will be zero which means these gases will transfer into air and rapidly dissipated away. Considering the latter case, the solution of ([) is shown in (2), (2) where, c is the instantaneous concentration at time t in liquid, in ppm; Co is the initial concentration, in ppm.
Based on (2), concentration changing can be calculated in terms of ascertained mass transfer coefficient, liquid volume and interface area. On the other hand, the concentration changing profile of a known volume and interface area of liquid can derive the mass transfer coefficient. The model assumes environmental temperature is stable since the mass transfer coefficient is temperature dependent.
B. Temperature Dependent
The mass transfer coefficient K in (1) and (2) is the key factor to determine the dissolved gas leakage property. According to the two-film theory model, the relationship between mass transfer coefficient and diffusion coefficient in the two phases is shown as (3),
where, K is the mass transfer coefficient of the two phase system; kz and kg are the mass transfer coefficients in liquid and gas phase, respectively; H is the Henry's law constant.
The mass transfer coefficient of gas in gas phase kg is vastly larger than that in liquid phase [7] and Henry's law constant H is larger than unity. Hence, the second term in (3) is negligible. The mass transfer coefficient K can be regarded similar to the coefficient of gas in liquid phase kz• This indicates that the mass 478 transfer process of dissolved gas is controlled by the condition in the liquid phase.
As the mass transfer coefficient in liquid phase is predominated by the diffusion coefficient. The diffusion coefficient is temperature dependent and can be predicted by the Arrhenius equation [8] . Therefore, the relationship between mass transfer coefficient and temperature can be expressed as (4) below,
where, K is the mass transfer coefficient; A is the pre-exponential factor; EA is the activation energy; R is the universal gas constant; T is the temperature.
Equation (4) is dependent on two parameters. [f the pre-exponential factor A and activation energy EA are confirmed, the relationship between mass transfer coefficient K and temperature T can be determined.
III. EXPERIMENTAL SETUP
An experiment has been designed to estimate the mass transfer coefficients of DGA related fault gases in mineral oil and its relationship with temperature. The experimental setup is shown in Fig.2 . In this work, Gemini X was tested as mineral oil for transformers.
Firstly, a localized thermal fault was generated in the tested oil to generate dissolved fault gases. The hotspot temperature of thermal fault was much higher than 700°C. Under such fault level, large amount of fault gases could be generated in oil. Table I lists the initial concentration of oil tested at 80°C as an example. By changing the thermal fault duration and heating element size, the initial gas concentration levels can be adjusted. [t has been verified by repeated experiments that the tested mass transfer coefficient is independent from oil with different initial gas concentration levels. Subsequently, two litres of the oil with dissolved gases was heated in an air circulation oven to a pre-set temperature in a 3-litre glass beaker. The oil surface area was measured. Due to the continuous air exchange, the gas combination in the oven was similar to atmosphere. A preliminary test showed that the bulk oil temperature could be heated to the oven operation temperature within three hours.
Then, the Transfix on-line DGA monitor continuously measured the dissolved gases concentrations in the tested oil. During operation, 50 mL oil was pumped into the Transfix where the dissolved gas was extracted and detected. After detection, the sampled oil was returned back. A whole detection cycle of Transfix could be completed within one hour. The advantage of the Transfix on-line DGA monitor over other devices in this experiment was that the oil was not continuously circulated. The effect of DGA measurement on mass transfer process would be minimized. Detection period in this test was set as per three hours to mitigate the disturbance on oil temperature. Accuracies and detection ranges of the Transfix on-line DGA monitor are listed in Table 2 . The dissolved gas contents were measured once the tested oil has been put into the oven. Measurements in the first 3 hours were neglected due to the unstable oil temperature. Once the concentration of any gas was lower than the detection limit of the online DGA monitor, the measurements were neglected as well. 
IV. RESULTS AND DATA ANALYSIS
A. Data Processing
In this section, the mass transfer coefficient of dissolved methane (CH4) is calculated as an example. The mass transfer coefficients at various temperatures are calculated based on experimental results. The relationship between mass transfer coefficients and temperature is further determined.
The relationship between dissolved gas concentration and elapsed time will follow (2) in which the mass transfer coefficient K can be calculated in terms of a linear curve fitting on the natural logarithmic gas concentration as shown in Fig.3 . Based on known oil surface area and volume, mass transfer coefficient of the gas can be derived according to the slope. The R-square is very close to 1 which shows that the test follows the mass transfer model. 
B. Experimental Results
The mass transfer coefficients of fault gases from Gemini X mineral oil to atmosphere at different temperatures are listed in Table 3 .
In general, the mass transfer coefficients of all the investigated gases increase with environmental temperature rising. The dissolved gases will leak faster at higher temperature. In addition, the mass transfer coefficient of hydrogen is almost two times of the hydrocarbon gases at the same temperature. And the mass transfer coefficients of all the hydrocarbon gases are similar. Therefore, the leakage of dissolved hydrogen from mineral oil will be much faster than other hydrocarbon fault gases. Subsequently, from the Arrhenius plots of the mass transfer coefficients, the activation energy and pre-exponential factor of mass transfer of fault gases are listed in Table 4 . It can be found that the activation energy of hydrogen is much lower than the hydrocarbon gases, probably because the molecular size of hydrogen is much smaller than the hydrocarbons. 
V. EXAMPLE OF ApPLICATION
As discussed hereinabove, the dissolved gas leakage rate in sampling bottle can be evaluated according to the known mass transfer coefficients. Assuming one liter of mineral oil is sampled by a bottle for a DGA test, and the oil temperature is 55°C. For some reason the oil is left open in air for 10 minutes. The oil surface area is known. The remaining gas contents in the oil are estimated and listed in Table 5 The temperature changing and difference is neglected. Based on thIs calculatIOn, It can be found that all these fault gases mostly remain in oil after gettillg in contact with air for 10 minutes. In the oil sample, about I % of hydrogen (H2) leaks out. The leakage ratios of other gases are around 0.5%. All the percentages are relative to the initial gas content. The dissolved gas leakage amount in 10 minutes or a shorter duration during sampling process is negligible.
The dissolved gas concentration detection interval is limited by the measurement technique. In the application, there is an assumption that the gas leakage trend continuously fit the theoretical model, since 10 minutes gas leakage duration is applied ill practical application. This shall be further improved. In addition, although the gas leakage is negligible, open bottle might cause other issues, for instance, moisture migration, contamination and so on. Therefore, proper sealed method such 480 as syringes should be prior to open bottles In oil sampling process.
VI. CONCLUSION
The dissolved gas leakage from mineral oil can be simulated by a mass transfer model based on two-film theory. The mass transfer coefficients of hydrogen and fault hydrocarbon gases at various temperatures are calculated in terms of experiments. At higher temperature, dissolved gases tend to leak faster. It is found that the hydrogen leaks faster than the other hydrocarbon gases. The leakage rates of these hydrocarbon gases are similar.
The mass transfer coefficient at certain temperature can be effectively predicted by the Arrhenius equation. Based on the model, dissolved fault gas leakage amount is negligible, while proper sealillg condition is still important ill oil samplillg.
